Introduction
The majority of American adults use dietary supplements, which generally include vitamins, minerals, amino acids, fatty acids, fiber, herbs, or other dietary components (Kantor et al., 2016; Knapik et al., 2016) . Dietary supplements are intended for ingestion to meet essential nutritional requirements that are not fulfilled through diet alone. For example, essential vitamins and minerals may be taken as dietary supplements to improve the absorption and consumption of these nutrients (Rautiainen et al., 2016; Trivedi and Salvo, 2016) . However, dietary supplements are not drugs and thus do not require approval from the US Food and Drug Administration (FDA), which only monitors their safety. Although dietary supplements are generally considered safe, like drugs, these agents may have risks and side effects (Brown, 2017) . For example, concerns include high risk of drug interaction problems for cancer patients to take dietary supplements during chemotherapy treatment; an increased cancer risk associated with vitamin A. In addition, antioxidants are widely used in diets and food supplements, which are believed to lower cancer risk by battling radical oxidative species (ROS). However, antioxidants may interfere with certain cancer treatments such as radiation therapy that induce cancer cell death by producing ROS (Schwingshackl et al., 2017; Sprouse and van Breemen, 2016) . Recent studies have shown that dietary supplementation with the antioxidants N-acetylcysteine and vitamin E accelerated tumor progression with reduced survival in mouse models of lung cancer, likely by reducing p53 expression (Sayin et al., 2014) , and that N-acetylcysteine promoted the metastatic potential but not cell proliferation potential, of melanoma cells in vivo (Le Gal et al., 2015) .
Moreover, the potential chronic effects of dietary supplements on the pathogenesis and development of human diseases remain unclear. Most importantly, the biological consequences of taking dietary supplements have not been studied in populations with consideration of their specific genetic backgrounds. In particular, the pathogenic links between dietary supplements and specific oncogenic mutations remain unknown. Therefore, studies to determine whether and how dietary supplements promote oncogenesis induced by specific oncogenic mutations will be informative to provide guidance for individuals to select dietary supplements with low cancer risk based on their particular genetic backgrounds.
Chondroitin sulfate is a dietary supplement commonly used for the treatment of osteoarthritis, usually in combination with other ingredients such as glucosamine (Clegg et al., 2006) . Chondroitin sulfate is an important structural component of cartilage, which is a sulfated glycosaminoglycan (GAG) composed of a chain of alternating sugars including Nacetylgalactosamine (GalNAc) and glucuronic acid (GlcA) with over 100 disaccharide repeating units (Henrotin et al., 2010) . There are four types of chondroitin sulfates including A, C, D and E based on sites of sulfated carbon in sugars. For example, chondroitin-4-sulfate (CHSA) and chondroitin-6-sulfate (CHSC) contain GalNAc with sulfated carbon 4 and 6, respectively, and represent the two major isoforms of chondroitin sulfate in human (Lamari and Karamanos, 2006) . Chondroitin sulfate chains usually form part of a proteoglycan by attaching to serine residues of core proteins through a tetrasaccharide bridge in a fixed pattern: chondroitin sulfate-GlcA-Gal-Gal-Xyl-protein (Carney and Muir, 1988; Silbert and Sugumaran, 2002) . Commercial dietary chondroitin sulfate supplements are usually manufactured from animal sources including shark and cow cartilage. Orally administered chondroitin sulfate is well absorbed, leading to a significant increase in plasma concentration of chondroitin sulfate with a half-life of 12-24 hours (Conte et al., 1995) . In addition to osteoarthritis, which may have a local deficiency or degradation of chondroitin sulfate (Henrotin et al., 2010; Monfort et al., 2008) , chondroitin sulfate is also taken orally for other health problems such as joint pain caused by breast cancer treatment, and Kashin-Beck disease that is a chronic type of osteochondropathy (Greenlee et al., 2013; Henrotin et al., 2010) .
Chondroitin sulfate has been shown to have a favorable long-term safety profile when taken orally for up to 6 years (Hathcock and Shao, 2007) , and is approved in Europe as a slowacting drug for the treatment of osteoarthritis with only minor side effects such as nausea, mild stomach pain and diarrhea (Clegg et al., 2006; Jordan et al., 2003) . Although increased chondroitin sulfate levels in the periacinar and peritumoral fibromuscular stromal tissue were suggested to correlate with progression or recurrence of prostate cancer (Ricciardelli et al., 1997) , clinical studies have shown that there was no association between chondroitin sulfate use and the risk of prostate cancer (Brasky et al., 2011) . However, these studies were not controlled for populations with specific genetic backgrounds. Thus, the potential pathogenic effects of chronic treatment with chondroitin sulfate on specific human cancer types with particular oncogenic mutational state remain unknown.
Melanoma is one of the most common human cancers, which accounts for approximately 87,110 newly diagnosed patients in 2017 with ∼9,000 death each year (https:// www.cancer.org/cancer/melanoma-skin-cancer/about/key-statistics.html). More than 50% of melanomas express oncogenic BRAF V600E mutant, which represents a therapeutic target due to its pathogenic role (Bollag et al., 2012; Gibney et al., 2013; Johnson and Sosman, 2013) . We recently performed a systematic RNAi-based screen to identify metabolic vulnerabilities specifically required by oncogenic BRAF V600E mutant, but not other oncogenes such as NRAS Q61R/K, in human melanoma (Kang et al., 2015) . The top candidates include a chondroitin N-acetylgalactosaminyltransferase CSGlcA-T, which transfers glucuronic acid (GlcUA) from UDP-GlcUA to N-acetylgalactosamine residues on the non-reducing end of the elongating chondroitin polymer (Rohrmann et al., 1985) . Since CSGlcA-T is important for chondroitin polymerization (Izumikawa et al., 2008) and chondroitin sulfate was reported to enter cells through endocytosis (Smedsrod et al., 1985) , herein we tested a hypothesis that the widely used dietary supplement chondroitin-4-sulfate may selectively promote BRAF V600E melanoma growth.
Results

Dietary supplement chondroitin-4-sulfate promotes BRAF V600E melanoma growth, which requires the presence of PTEN
We found that oral gavage of chondroitin-4-sulfate (CHSA) resulted in increased growth rates, masses and sizes of tumors in two patient-derived xenograft (PDX) mouse models of melanoma including PDX_TM01612 and PDX_TM01386, where NSG mice were inoculated with human primary melanoma tissues expressing BRAF V600E and wild type PTEN ( Figure 1A , left and middle panels; Figure S1A ; left panel). Treatment with CHSA resulted in elevated circulating CHSA levels in serum as well as increased intracellular CHSA levels in tumors in these PDX mice ( Figure 1A , right panels). In contrast, CHSA treatment did not affect tumor growth rates, masses or sizes in PDX_TM01149 mice inoculated with control primary melanoma tissues expressing wild type BRAF and PTEN ( Figure 1B , left and middle panels; Figure S1B , left panel), or in PDX_TM00943 mice inoculated with primary melanoma tissues expressing BRAF V600E but with PTEN deletion ( Figure 1C , left and middle panels; Figure S1C , left panel), despite increased serum and intracellular CHSA levels ( Figure 1B and 1C, respectively, right panels). Consistent with these findings, CHSA treatment resulted in elevated phosphorylation levels of AKT and its downstream factors BAD and GSK3β, but not MEK1 or ERK1/2 ( Figure 1D ; Figure S1D , right panel), as well as increased tumor cell proliferation rates assessed by increased immunohistochemistry (IHC) staining of Ki-67 ( Figure S1A , right 2 panels) in PDX_TM01612 and PDX_TM01386 tumors derived from BRAF V600E/PTEN-expressing primary melanoma tissues, but not control PDX_TM01149 (BRAF/PTEN; Figures 1D; S1B, right 2 panels), or PDX_TM00943 (BRAF V600E/PTEN del; Figures 1E; S1C, right 2 panels) tumors. These data suggest that the dietary supplement CHSA promotes BRAF V600E melanoma growth, which is likely mediated through enhanced AKT activation by attenuating PTEN.
CHSA potentiates tumor growth potential and confers drug-resistance to BRAF V600E/ PTEN melanoma cells
We next performed additional animal experiments using xenograft mice injected with human melanoma cells. In particular, since activation of the AKT pathway (Delmas et al., 2015; Hu et al., 2013; Perna et al., 2015) and loss of PTEN (Paraiso et al., 2011) have been reported to confer BRAF inhibitor resistance to melanoma cells and mouse models, we hypothesized that CHSA treatment might also mediate BRAF inhibitor resistance in xenograft mice injected with BRAF V600E-expressing melanoma cells. Consistently, we found that oral gavage of CHSA not only increased tumor growth rates, masses and sizes in mice with A375 ( Figure 2A , upper left two panels; Figure S2A , upper left panels) or SK-MEL-5 ( Figure 2A , lower left two panels; Figure S2A , lower left panels) tumor xenografts expressing BRAF V600E and wild type PTEN, but also reversed the inhibitory effects of BRAF mutant inhibitor PLX4032 on tumor growth and size in these mice (Figure 2A , left two panels; Figure S2A , left panels). Consistent with these results, CHSA treatment resulted in increased serum and intracellular CHSA levels (Figure 2A , middle panels) that correlate with elevated and rescued AKT phosphorylation levels (Figure 2A , right panels) and cell proliferation rates assessed by IHC staining of Ki-67 ( Figure S2A , left panels), compared to control mice treated with vehicle or PLX4032, respectively. In contrast, CHSA treatment did not affect growth rates, masses, or sizes of tumors in xenograft mice injected with control HMCB human melanoma cells harboring NRAS Q61K mutant ( Figure 2B , left; Figure S2B , left), where increased serum and intracellular CHSA levels ( Figure 2B , middle) did not alter phosphorylation levels of AKT, MEK1 or ERK1/2 ( Figure 2B , right) or cell proliferation rates assessed by Ki-67 IHC staining ( Figure S2B , right).
In order to determine whether PTEN presence is required, we generated isogenic A375 cells with stable knockout (KO) of PTEN by CRISPR/Cas9 ( Figure S2C ). We found that PTEN deletion eliminated CHSA-dependent enhancement of tumor growth rates, masses and sizes, AKT phosphorylation, and cell proliferation rates in mice with A375/PTEN-KO tumor xenografts ( Figures 2C and S2D ).
Knockdown of CSGlcA-T selectively inhibits BRAF V600E-dependent transformation in melanoma cells expressing PTEN
We next examined whether the chondroitin N-acetylgalactosaminyltransferase CSGlcA-T contributes to BRAF V600E-dependent transformation in melanoma cells, which is important for chondroitin polymerization (Izumikawa et al., 2008) and was identified as a "synthetic lethal" partner of BRAF V600E in human melanoma (Kang et al., 2015) . We found that both mRNA and protein expression levels of CSGlcA-T were upregulated ( Figure  3A , left and middle panels, respectively), which correlate with increased intracellular CHSA levels ( Figure 3A , right), in diverse human melanoma cells, compared to control immortalized human melanocyte Mel-ST cells. In contrast, CSGlcA-T protein levels were not significantly altered among diverse leukemia, lung cancer, and head and neck cancer cells compared to corresponding normal control cells ( Figure S3A , upper). Consistent with these findings, data analysis results using Oncomine™ suggest that CSGlcA-T is specifically upregulated in melanoma tissues compared to control peri-tumor tissues among many human cancer types included in the analysis ( Figure S3A , lower). These data together suggest a cancer type-specific upregulation of CSGlcA-T in human melanoma.
Stable knockdown (KD) of CSGlcA-T resulted in reduced cell proliferation rates in A375 and SK-MEL-5 cells expressing BRAF V600E and PTEN, but not in control cells including HMCB and SK-MEL-2 cells expressing mutant NRAS (NRAS Q61K and Q61R, respectively) or SK-MEL-24 and C32 cells expressing BRAF V600E with PTEN deletion ( Figures 3B and S3B ). In addition, CSGlcA-T knockdown attenuated colony formation potential of A375 cells but not control HMCB or SK-MEL-24 cells ( Figure 3C ). Consistent with these findings, silencing CSGlcA-T resulted in significantly decreased cell proliferation and decreased AKT phosphorylation in immortalized melanocyte Mel-ST cells expressing BRAF V600E but not in cells expressing BRAF WT ( Figure S3C ). We next generated "rescue" A375 cell lines with stable knockdown of endogenous CSGlcA-T and rescue expression of wild-type (WT) or an enzyme-dead D184A mutant (Izumikawa et al., 2008) of an shRNA-resistant, FLAG-tagged human CSGlcA-T form ( Figure 3D ). Rescue expression of FLAG-CSGlcA-T WT, but not D184A mutant, significantly reversed the reduced cell proliferation upon CSGlcA-T knockdown in A375 cells ( Figure 3D ). In addition, stable knockout of PTEN also reversed the inhibitory effect of CSGlcA-T knockdown on A375 cell proliferation ( Figure 3E ). Moreover, PTEN re-expression restored the sensitivity of BRAF V600E/PTEN-null SK-MEL-24 cells to CSGlcA-T knockdown with reduced cell proliferation ( Figure S3D ). Consistently, CSGlcA-T knockdown resulted in decreased phosphorylation levels of AKT but not MEK1 or ERK1/2 in A375 and SK-MEL-5 cells expressing BRAF V600E and PTEN, as well as in BRAF V600E/PTEN-null SK-MEL-24 cells with PTEN re-expression, but not in control mutant NRAS-expressing HMCB and SK-MEL-2 cells, or BRAF V600E-expressing SK-MEL-24 and C32 cells with PTEN deletion or A375 cells with PTEN KO (Figures 3F, S4A and S4B). Similar results were obtained using a xenograft mouse model, where CSGlcA-T knockdown resulted in decreased intracellular CHSA levels, leading to reduced growth rates, masses, and sizes of tumors ( Figure 3G and S4C) as well as decreased AKT phosphorylation ( Figure 3H ) in nude mice with A375 xenograft tumors but not in control mice with HMCB (NRAS Q61R), SK-MEL-24 (BRAF V600E/PTEN-del), or A375 PTEN KO tumors.
CSGlcA-T inhibits PTEN, which is essential to maintain PIP3 levels and subsequently sustain AKT activation in BRAF V600E-expressing cells but dispensable in cells expressing mutant NRAS or PI3KCA
We next sought to explore the underlying molecular mechanism. We found that CSGlcA-T knockdown resulted in decreased phosphatidylinositol (3,4,5)-trisphosphate (PIP 3 ) levels in A375 and SK-MEL-5 cells (BRAF V600E/PTEN) but not in control mutant NRASexpressing HMCB and SK-MEL-2 cells or in SK-MEL-24 and C32 cells expressing BRAF V600E with PTEN deletion ( Figure 4A) . Surprisingly, we found that CSGlcA-T knockdown commonly led to increased PTEN activity with reduced inhibitory phosphorylation at Ser380/Thr382/Thr383 of PTEN in all of the tested melanoma cells despite their different oncogenic mutational backgrounds ( Figure 4B , left and right, respectively). However, we melanoma cells ( Figure 4C ), the PI3K kinase activity levels in HMCB and SK-MEL-2 cells expressing mutant NRAS were significantly higher than in BRAF V600E expressing melanoma cells including A375, SK-MEL-5, SK-MEL-24 and C32 ( Figure 4D ). Consistent with these findings, transient transfection of mutant NRAS Q61K resulted in significantly higher PI3K kinase activity in NIH/3T3 cells compared to control cells expressing NRAS, BRAF, or BRAF V600E ( Figure S5A ). Moreover, treatment with PI3K inhibitor LY294002 resulted in further decreased AKT phosphorylation levels in A375 cells with stable knockdown of CSGlcA-T but not in CSGlcA-T knockdown HMCB or A375 PTEN-KO cells ( Figure 4E ), suggesting a PI3K-independent mechanism in A375 cells that contributes to AKT phosphorylation, which is likely mediated through PTEN.
Consistent with these results, transient transfection with a HA-tagged, constitutively active form of AKT (T308D/S473D; (Scheid et al., 2002) ) but not a kinase-dead form of AKT (K179A/T308A/S473A; (Wang et al., 1999) ) significantly rescued the decreased cell proliferation rates in A375 cells with stable knockdown of CSGlcA-T ( Figure S5B ). In addition, expression of a constitutively active form of PI3KCA (H1047R; (Zhao et al., 2005) ) also reversed the inhibitory effect of CSGlcA-T knockdown on cell proliferation ( Figure 4F Figure  4H , lower, respectively). These data together suggest that CSGlcA-T-dependent PTEN inhibition represents a common mechanism that contributes to AKT activation in cancer cells, which is essential to sustain AKT activation in BRAF V600E-expressing cells but dispensable in cells expressing mutant NRAS, which directly activates PI3K.
CSGlcA-T signals through CHSA to mediate PTEN inhibition
Consistently, oral gavage with CHSA resulted in decreased PTEN activity in tumors derived from PDX mouse models of melanoma, whereas stable knockdown of CSGlcA-T led to increased PTEN activity in melanoma cell xenograft tumors ( Figure 5A , left and right panels, respectively). The decreased and increased PTEN activity correlated with increased and decreased inhibitory phosphorylation levels of PTEN, respectively, in these tumor samples ( Figure 5B ). We also found that treatment with increasing concentrations of CHSA resulted in increased intracellular CHSA levels in A375 cells in a dose dependent manner ( Figure 5C ). Confocal imaging revealed that chondroitin sulfate fluorescein, when added to culture media, was taken up into the cytosol of A375 melanoma cells ( Figure 5D ), likely through endocytosis as reported (Smedsrod et al., 1985) . We determined the intracellular concentrations of CHSA in diverse melanoma cells by Western blot using purified CHSA as a standard ( Figure S6A ), and found intracellular CHSA levels of approximately 99.2, 77.5, 116.7, and 198 .0 μg/mL in A375, SK-MEL-5, SK-MEL-2, and HMCB melanoma cells, respectively. Consistently, treatment with increasing concentrations of CHSA resulted in dose dependent increases in cell proliferation rates (Figures 5E, 5G and 5H, left panels) and increased phosphorylation levels of AKT and PTEN (Figures 5E, 5G and 5H, right panels) in A375 cells with endogenous CHSA, whereas CHSA treatment did not affect cell proliferation in A375 PTEN-KO cells with stable knockout of PTEN ( Figure 5F ) or control cells including PMWK cells expressing wild type BRAF and HMCB cells harboring NRAS Q61R mutation ( Figure S6B , left and right, respectively). In addition, CHSA treatment resulted in increased cell proliferation rates (Figures S6C, left) and increased phosphorylation levels of AKT and PTEN (Figures 6C right) in SK-MEL-24 cells with PTEN re-expression. Moreover, CHSA treatment effectively rescued not only the reduced cell proliferation rates but also decreased phosphorylation levels of AKT and PTEN in A375 and SK-MEL-5 cells with stable knockdown of CSGlcA-T ( Figure 5G and Figure S6D ), and A375 cells treated with BRAF inhibitors including PLX4032 ( Figure 5H ) or dabrafenib ( Figure S6E ).
CHSA requires its chain form to specifically promote CK2-PTEN binding and consequent phosphorylation and inhibition of PTEN
We next sought to elucidate the molecular mechanism by which CHSA inhibits PTEN. We found that treatment with CHSA in the chain form resulted in increased phosphorylation levels of PTEN and AKT ( Figure 6A CK2 was reported to phosphorylate and inhibit PTEN (Song et al., 2012) . Since CHSA did not affect PTEN activity when incubated with recombinant PTEN ( Figure S7B ) or CK2 kinase activity in an in vitro kinase assay where purified CK2 was incubated with purified myelin basic protein (MBP) as a nonspecific exogenous substrate ( Figure S7C ), we next sought to determine whether CHSA affects CK2-dependent phosphorylation of PTEN. We found that CHSA enhanced CK2-dependent phosphorylation of PTEN in a dose-dependent manner in an in vitro kinase assay where immunoprecipitated CK2 was incubated with recombinant PTEN (rPTEN) in the presence of increasing concentrations of CHSA ( Figure  7A , left). In contrast, neither chondroitinase ABC-digested CHSA nor purified disaccharide units were able to affect CK2-dependent PTEN phosphorylation ( Figure 7A , middle and right, respectively).
Moreover, we found that CHSA treatment resulted in enhanced CK2-PTEN interaction assessed by increased CK2 co-immunoprecipitated with PTEN in A375 cells ( Figure 7B , left) but not in cells treated with purified disaccharide (Figure 7B , right). To determine whether CHSA directly or indirectly affects the CK2-PTEN complex, we performed cellfree, in vitro binding assays using purified recombinant CK2 and PTEN in the presence of increasing amounts of CHSA. We found that purified PTEN pre-treated with increasing concentrations of CHSA showed increased binding ability to CK2 ( Figure 7C , left), whereas CHSA-pre-treated CK2 did not demonstrate altered binding ability to PTEN ( Figure 7C , right). In contrast, pre-treatment with purified disaccharide did not alter the binding ability of rCK2 or rPTEN to each other ( Figure 7D ). Together, these data suggest an important role of CHSA in CSGlcA-T mediated inhibition of PTEN, which is specifically essential to sustain AKT activation in BRAF V600E-dependent melanoma transformation.
Discussion
Our results reveal a pathologic link between dietary supplements and specific oncogenic mutations, such that CHSA treatment results in increased circulating and consequently intracellular CHSA levels that promote BRAF V600E tumor growth ( Figure 7E , left). Our findings also suggest that, although the majority of widely used dietary supplements are generally safe, some may exhibit pro-tumor effects in populations with specific genetic backgrounds. Thus, deciphering the molecular mechanisms by which certain dietary supplements may increase cancer risk and contribute to tumorigenesis and disease development in patients with particular genetic alterations has highly impactful clinical significance. For example, such information will allow physicians or pharmacists to take an individual's specific genetic background into consideration when providing reliable advice for dietary supplement choices with low cancer risk. Moreover, the availability of such information to the public will educate people to consider dietary supplement selection more specifically based on their genetic background. This may drive individuals to seek advice regarding dietary supplements from their physician or other informed medical sources; unlike drugs, many people currently self-prescribe dietary supplements without consulting a doctor (Brown, 2017) . Lastly, these findings further support our previous suggestion to develop the concept of a "precision diet" (Xia et al., 2017) , which should be designed based on individual genetic background to include dietary components and supplements that will lower cancer risk and provide cancer prevention.
Our findings have additional clinical impact, suggesting that taking chondroitin sulfate with CHSA as a primary component as a dietary supplement for osteoarthritis or other health problems may not only worsen the disease burden in patients with BRAF V600E melanoma or other related cancers but also increase cancer risk in individuals with BRAF V600Epositive premalignant lesions. In addition, our data also demonstrate that treatment with CHSA confers drug resistance to BRAF V600E-expressing melanoma cells in vitro and in vivo when treated with BRAF inhibitors. Taken together, these findings suggest that CHSA as a dietary supplement may commonly increase cancer risk and/or confer drug resistance through PTEN inhibition, while patients with BRAF V600E melanoma in particular should avoid using chondroitin sulfate as a dietary supplement. Furthermore, data analysis using Oncomine™ and diverse human cancer cells suggest that CSGlcA-T is specifically upregulated in melanoma cells. Therefore, CSGlcA-T may serve as a biomarker for melanoma. Further mechanistic studies are required to elucidate the molecular basis underlying the cancer type-specific upregulation of CSGlcA-T in melanoma.
Our data further suggest that the common upregulation of CSGlcA-T in melanoma cells results in relatively high levels of CHSA, leading to inhibition of PTEN, which is specifically essential to sustain AKT activation in BRAF V600E-expressing melanoma cells ( Figure 7E, left) . However, this CHSA-dependent inhibition of PTEN is dispensable in melanoma cells expressing mutant NRAS or PI3KCA, which directly activate the PI3K-AKT pathway ( Figure 7E, right) (Rodriguez-Viciana et al., 1994) . Therefore, these data not only link the CSGlcA-T-CHSA glycosaminoglycan biosynthesis pathway to the CK2-PTEN signaling cascade, suggesting an intracellular signaling function of chondroitin-4-sulfate that is independent of its role as an extracellular matrix component, but also reveal distinct mechanisms to sustain AKT activation required in cancer cells transformed by different oncogenes. This is consistent with previous reports describing a reciprocal mutational status for PTEN and NRAS in human melanoma cells (Tsao et al., 2000; Wu et al., 2003) . These findings also suggest that melanoma-specific upregulation of CSGlcA-T may provide a cancer type-specific "evolutionary advantage" that may explain why BRAF mutations are relatively more frequent in melanoma compared with other human malignancies. Since PTEN loss is mostly observed as a late event in melanoma (Wu et al., 2003) , it is possible that the CSGlcA-T-CHSA axis-dependent PTEN inhibition may function as an early event and contribute to BRAF V600E-dependent melanoma transformation, while PTEN loss may be a late event as the disease progresses to eventually achieve further PTEN inhibition.
We demonstrated that enzymatic activity is required for CSGlcA-T to contribute to cell proliferation of melanoma cells expressing BRAF V600E, suggesting that the CSGlcA-T-CHSA axis may represent a therapeutic target to treat BRAF V600E positive melanoma. Currently, specific CSGlcA-T inhibitors are not available. Future anti-chondroitin sulfate drugs such as small molecule inhibitors of CSGlcA-T or inhibitory derivatives of chondroitin-4-sulfate that can block chondroitin-4-sulfate-PTEN binding may represent alternative clinical treatments or supplements for BRAF V600E-positive melanoma patients. However, inhibition of the CSGlcA-T-CHSA axis at the whole organism level may cause health problems due to chondroitin sulfate deficiency, such as, but not limited to, osteoarthritis and joint pain; symptoms of CSGlcA-T-deficiency, which is associated with mild skeletal dysplasia and joint laxity (Vodopiutz et al., 2017) ; or symptoms of Morquio syndrome, which is an autosomal recessive and progressive disease resulting from a deficiency of N-acetylhexosamine sulfate sulfatase that is characterized by abnormal heart and skeletal development, hypermobile joints, and large fingers because of the excretion of keratan sulfate and chondroitin sulfate (Matalon et al., 1974; Mikles and Stanton, 1997) . These concerns warrant further detailed toxicity and pharmacokinetics studies to evaluate potential anti-chondroitin sulfate therapies in clinical BRAF V600E-positive cancer treatment.
Our study also raises additional questions. It is not clear why only the chain form of chondroitin-4-sulfate functions to promote CK2-PTEN interaction and consequent phosphorylation and inhibition of PTEN, whereas disaccharide single units or digested CHSA fail to do so. Future molecular and structural studies are warranted. However, this observation is consistent with the previous report that CSGlcA-T is crucial for chondroitin polymerization and elongation (Izumikawa et al., 2008) , suggesting the importance of the chain formation in CHSA-dependent PTEN inhibition. Future studies are also warranted to determine whether CHSA specifically binds to PTEN and consequently enhances PTEN recruitment to CK2, and/or stabilizes CK2-PTEN interaction, and whether other types of chondroitin sulfate, in particular chondroitin-6-sulfate, are able to inhibit PTEN in a similar way and consequently promote BRAF V600E tumor growth. Lastly, the limitations of the experimental platforms employed in this study, such that xenograft mouse models of human melanoma cannot represent tumorigenesis and progression of skin cancer, micronutrient delivery to skin tissue, or a relevant immune response, warrant future studies using more informative models such as BRAF V600E-positive genetically engineered mouse (GEM) models of PTEN proficient and deficient melanomas.
Detailed methods are provided in the online version of this paper and include the following:
Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jing Chen (jchen@emory.edu). cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented with 0.05mM 2mercaptoethanol, 0.1mM hypoxanthine, 0.016mM thymidine and 10% bovine serum (FBS). KG-1a, K562, Molm14, NB4, THP-1, NOMO-1, H1299, A549, H157, NCI-H596, EKVX, HCC827, NCI-H358 and H1975 cells were cultured in RPMI 1640 medium with 10% FBS. HOK cell were cultured in Oral Keratinocyte Medium (OKM) with oral keratinocyte supplement (OKGS). Tu212, 212LN, Tu686, Tu167, FaDu, UDSCC22B and UMSCC47 cells were cultured in DMEM/F12 medium with 10% FBS. BEAS-2B cells were cultured using BEGM™ Bronchial Epithelial Cell Growth Medium (LONZA). All the cells were cultured at 37°C and 5% CO 2 . Cells purchased commercially are authenticated by STR DNA typing. Cells from other sources were not authenticated. All cell lines are negative for mycoplasma contamination. Please also see detailed information of each cell line in KEY RESOURCES TABLE.
Method Details
Xenograft studies
Nude mice (Heterozygous Hsd:Athymic Nude-Foxn1 nu /Foxn 1+ , Envigo) were subcutaneously injected with 1×10 6 melanoma cells on the flank. For chondroitin-4-sulfate (CHSA) and BRAF-V600E inhibitor treatment experiments, mouse littermates were randomly assigned to 4 experimental groups when the size of the tumor sizes reached around 50-100 mm 3 . 100mg/kg/day CHSA and 10mg/kg/day of BRAF-V600E inhibitor PLX4032 were given to mice by oral gavage until the experiment endpoint. PBS was a diluent control. Tumor growth was recorded every two days from 7-12 days after inoculation by measurement of two perpendicular diameters using the formula 4π/3 × (width/2) 2 × (length/2). The masses of tumors (mg) derived from treatments were analyzed. For patientderived xenografts (PDX), NSG mice (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ, The Jackson Lab) carrying patient tumor specimens were sacrificed once the PDX tumor size reached around 1500mm 3 . The tumor was then excised and small evenly cut pieces were implanted subcutaneously into the flank of 6-week old female NOD.scid mice (The Jackson Laboratory). The mice were evenly divided into 2 groups when tumor sizes reached around 50-100 mm 3 before treatment. For CHSA treatment, the dosage of CHSA (Chondroitin sulfate A sodium salt from bovine trachea, Sigma) that given to mice daily was calculated based on that chondroitin sulfate is mostly administered orally at doses ranging from 800 to 2000 mg/day to human (http://www.mayoclinic.org/drugs-supplements/chondroitin-sulfate/ dosing/hrb-20058926). Given the average human body weight is around 60kg (Walpole et al., 2012) , the suggested dosage is approximately 33mg/kg/day, while several doses can be administered daily to patients with osteoarthritis (Henrotin et al., 2010) . Considering all the factors above, 100mg/kg/day CHSA was given to mice by oral gavage for around 30 days until the experiment endpoint. PBS was a diluent control. Tumor growth was recorded every two days from one week after inoculation by measurement of two perpendicular diameters using the formula 4π/3 × (width/2) 2 × (length/2). The masses of tumors (mg) derived from treatments were analyzed. Please also see detailed mice PDX model information in KEY RESOURCES (Zhao et al., 2005) , Addgene). Stable overexpression in Mel-ST cells was conducted by using retroviral vectors harboring FLAG-tagged BRAF and FLAG-tagged BRAF V600E (pMSCV-FLAG-BRAF/FLAG-BRAF V600E) (Kang et al., 2015) . Briefly, to produce retrovirus, each construct was co-transfected with VSVG, EcoPak packaging plasmid and envelope plasmid (Addgene) into HEK293T cells using FuGENE™ reagent Transfection Reagent (Promega) according to the manufacturer's instructions. Retrovirus-containing supernatant medium was collected 48 hours after transfection, filtered before adding to the indicated host cell lines with HEPES to adjust the pH. Target cells were subjected to hygromycin (Hygromycin B, Gibco) or puromycin selection. The overexpression of proteins was confirmed by Western blot using antibodies against FLAG or HA. PTEN CRISPR/Cas9 knockout A375 stable cell line was generated by using hPTEN CRISPR/Cas9 KO Plasmid and hPTEN HDR Plasmid (Sand Cruz Biotechnology) followed by manufacture instruction. Briefly, both plasmids were co-transfected into A375 cells using Lipofectamine™ 3000 Transfection Reagent (Invitrogen). Cells were exposed in puromycin 48 hours after transfection for selecting for 24 hours, then the puromycin was removed from the cells and the cells were cultured to reach sufficient number for further experiments. Knockout of PTEN protein was confirmed by Western blot. Please also see detailed information related to shRNA sequence, plasmids name, and reagents information in KEY RESOURCES TABLE.
Antibodies
Antibodies against AKT1, p-AKT (S473), p-AKT (T308), p-MEK1/2 (S217/221), MEK1, p-ERK1/2 (p44/42 MAP kinase (phosphorylated Erk1/2)), ERK1/2 (p44/42 MAPK (Erk1/2)), PI3 Kinase p85, p-PTEN (S380/T382/T383), p-Bad (S136), Bad, p-GSK-3-beta (S9) and GSK-3-beta XP were obtained from Cell Signaling Technology; Antibodies against CSGlcA-T, Ki67, pan Phospho-(Ser/Thr) and Heavy chain-free anti-mouse IgG (anti-mouse IgG VeriBlot for IP secondary antibody (HRP)) were obtained from Abcam; Antibodies against PTEN, CK2 and HA-probe were from Santa Cruz Biotechnology; Antibody against Chondroitin-4-sulfate was from Millipore; Antibodies against FLAG-probe and beta-action were from Sigma-Aldrich.
Transient transfection
HA-tagged pcDNA-AKT-AAA (pcDNA3 HA PKB AAA, kinase dead, Addgene) and HAtagged pcDNA-AKT-DD (HA PKB T308D S473D pcDNA3, constitutively active, Addgene) (Scheid et al., 2002) were transfected into A375 cells using TransIT®-LT1 Transfection Reagent (Mirus Bio) according the manufacturer's instructions. GFP-tagged pcDNA-PTEN (pcDNA3 GFP PTEN, Addgene) (Vazquez et al., 2001) was transfected into SK-MEL-24 cells using Lipofectamine 3000 Reagent (Invitrogen) according to the manufacturer's instructions. Cells were seeded for cell proliferation assay 24 hours after transfection. Cells were harvested for Western blot 48 hours after transfection.
Cell proliferation assay
Cell proliferation assays were performed by seeding 5 × 10 4 cells in a 6-well plate with daily counting of cell number. Cell proliferation was determined by cell numbers recorded at 1 to 6 days after being seeded and normalized to that of each of the cell lines at the starting time (T=0 hr) by trypan blue exclusion using TC20 Automated Cell Counter (BioRad).
Quantitative RT-PCR
Total RNA of diverse human melanoma cell lines was extracted by using TRIzol® Reagent RNA extraction (Invitrogen). The total cDNA was prepared through Two-Step RT-PCR kit (TaKaRa/Clontech). Primers for real-time PCR that targeting CHPF2 and GAPDH were obtained from Integrated DNA Technologies (IDT). The real time PCR was performed by using PowerUp™ SYBR™ Green Master Mix and fast 7500 systems (Applied Biosystems™). Primers sequences for gene-specific amplicons are: 5′-GTCACGGAGTCTCCTGCTTC -3′ (CHPF2/forward); 5′-GGTCCCTATTTTTGGCCAGT -3′ (CHPF2/reverse); 5′-CTGGGCTACACTGAGCACC -3′ (GAPDH/forward); 5′-AAGTGGTCGTTGAGGGCAATG -3′ (GAPDH/reverse).
Please also see detailed reagent information in KEY RESOURCES TABLE.
Dabrafenib (GSK2118436, Selleck Chemicals) for 12 hours. LY294002 treatment was performed by incubating cells with 10mM LY294002 (Selleck Chemicals) for 8-10 hours.
Sample preparation
For mice serum collection, mice peripheral blood was collected from mice retro-orbitally on the day of the experimental end point. Samples were then incubated on ice for 2 hours and centrifuged at 3000 rpm for 10 minutes (4°C), then immediately applied to the indicated assays. For chondroitin-4-sulfate detection by Western blot, lysates were pre-treated with 0.1-0.5 unit of chondroitinase ABC enzyme (Chondroitinase ABC from Proteus vulgaris, Sigma-Aldrich) per 1mg of cell and serum sample and incubated at room temperature for 1 hour, followed by Western blot. RIPA buffer (Sigma-Aldrich) was used for cell lysate preparation for membrane protein release purpose. For preparation of digested CHSA, in a 50μl reaction, add 10μg CHSA, 0.5 μl (1U) Chondroitinase ABC from Proteus vulgaris (Sigma-Aldrich) in 40mMTris-HCl (adjust pH to 8.0 with 200 mM sodium acetate). Samples were incubated at 37°C for 8-12 hours with gentle shaking. Reaction mixtures were then filtered through 10kD Spin Column (abcam) to remove Chondroitinase ABC.
Detection and quantification of PI(3,4,5)P 3 from cells
The PI(3,4,5)P 3 (PIP3) level in melanoma cell lines with CSGLcA-T knockdown was assessed using the PI(3)P Mass ELISA Kit (Echelon) following the manufacturer's instructions. PIP3 mass was normalized by cell number of each sample.
PI3-kinase activity assay
Class I phosphoinositide 3-kinase (PI3-K) activity in melanoma cell lines was measured using the PI3-Kinase Activity ELISA Kit (PI3-Kinase Activity ELISA: Pico) from Echelon following the manufacturer's instructions. PI3-Kinase activity was normalized by cell number of each sample. The antibody used for endogenous PI3-Kinase immunoprecipitation was obtained from Cell Signaling Technology.
Confocal fluorescence analysis
A375 and HMCB melanoma cells were seeded in 24 well plates with autoclaved coverslip (Fisher) one day before treatment to let the cells grow and attach onto the surface of the coverslip. 100μg/ml Chondroitin Sulfate Fluorescein (Creatvie PEGWorks) or vehicle control PBS was then added into the culture media for around 24 hours. After treatment, cells were washed with PBS several times to remove the superfluous chondroitin sulfate that may generate background signal. The coverslip with cells was then fixed using 10% paraformaldehyde at room temperature for 10 minutes, followed by washing 3 times with PBS. 7-10μl of ProLong Gold Antifade Mountant solution was placed onto a glass slide with DAPI (ProLong™ Gold Antifade Mountant with DAPI, Invitrogen) and the coverslip placed on the glass slide with the cells facedown. The edges were sealed with transparent nail polish, air dried in the dark, and the cells subjected to confocal fluorescence imaging and data analysis.
then washed 3 times with 1×TBS, followed by incubating in 1×TBS buffer in the presence 0, 20, 50, 100, 200mg/ml CHSA or disaccharide for around 1 hour at 25°C. The protein-bound beads were then washed 3 times with 1×TBS to remove the superfluous CHSA or disaccharide. Next, an equal amount of recombinant CK2 or PTEN was added to the PTENbound or CK2-bound beads, respectively. After immunoprecipitation at 4°C overnight, the beads were then washed 3 times with 1×TBS and eluted with SDS buffer for Western blotting.
Immunoprecipitation
For endogenous PTEN and CK2 interaction testing, 1-2mg of total cell lysates were incubated with anti-PTEN or anti-CK2 antibody overnight at 4 °C. After incubation, protein G-Sepharose was used for precipitation for 2 hours. The beads were then washed with 1×TBS and eluted with SDS sample buffer for the Western blotting analysis.
Immunohistochemical staining
Ki67 staining was performed as previously described (Kang et al., 2015) . Briefly, resected tumors from PDX and cell line xenograft mice were fixed in 10% buffered formalin, embedded in paraffin and mounted on slides. After deparaffinization and rehydration, mouse tumor sections were then incubated in 3% hydrogen peroxide to suppress endogenous peroxidase activity. Antigen retrieval was achieved by microwaving the sections in 10mM sodium citrate (pH6.0). 10% goat serum was then used to block the sections. Human Ki67 antibody (Abcam) was applied to the mouse tumor sections for overnight at 4°C, respectively. Detection was achieved with the Dako IHC kit (Dako EnVision+ System, HRP, Agilent technologies). Slides were stained with 3,3′-diaminobenzidine (Sigma-Aldrich), washed, counterstained with hematoxylin (Sigma-Aldrich), dehydrated, and mounted. Images of each slide were taken using an inverted microscope for data analysis.
Quantification and Statistical analysis
In studies in which statistical analyses were performed, a 2-tailed Student's t test was used to generate p values, except a two-way ANOVA was used for cell proliferation assay, tumor growth and tumor weight analysis. "n" represents number of animals in each group and the values are included in the main and supplemental figures. p values less than or equal to 0.05 were considered significant. Data shown are from one representative result of multiple experimental replications. Data with error bars represent mean ± s.d., except for tumor growth curves in Figures 1A, 1B, 1C , 2A, 2B, 2C and 3G, which represent mean ± SEM. There is no estimate of variation in each group of data and the variance is similar between the groups. No statistical method was used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. For animal studies, animals were randomly chosen and concealed allocation and outcome assessment was blinded. All data are expected to have normal distribution. Statistical analysis and graphical presentation was performed using Prism 6.0 (GraphPad).
Research Highlight
• were obtained by a two-way ANOVA test for tumor growth rates and a two-tailed Student's test for tumor masses (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p<0.001; ns, not significant). Student's test except a two-way ANOVA test for (F and H) (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p<0.001 ns, not significant). Also see Figure S5 . Lin obtained by a two-tailed Student's test for (A) and a two-way ANOVA test for (E-H) (***p<0.001; ns, not significant). Also see Figure S6 . 
